The plasmonic nanostructures required for the SERS are commonly in the form of solid substrates, or as colloidal solutions, both of them are not very useful to detect the biomarkers directly on human skins. Gel-based SERS substrates, into which the plasmonic nanostructures are incorporated, will be helpful for the direct collection of the biomarkers from secretions such as sweat. To elucidate these points, we studied the diffusion of Raman probe 4, 4'-Bipyridine (BPY) in the cetyltrimethylammonium bromide:sodium salicylate (CTAB:NaSal) gel. Au nano-island SERS chip was coated with a 1:1 complex of CTAB:NaSal . Then, the diffusion of the probe was studied by SERS spectra as a function of time. The SERS signal intensity increases gradually with increasing time. Highly porous gel rapidly absorbed aqueous analyte solutions generating large SERS signals. The subsequent increase in signal could arise from the diffusion of the analyte molecule into the gel and onto the Au aggregates. Importantly, this gel-based SERS sensor did not significantly compromise the SERS performance of the analyte. We propose that this gel-based SERS sensor can be smeared directly onto the skin surface to absorb the body fluids from sweat, enabling the detection of biomarkers.
INTRODUCTION
Recently, surface-enhanced Raman scattering (SERS) has emerged as an essential analytical tool for the applications ranging from detection of explosives, 1 pesticide, 2 bacteria 3,4 and viruses 5 , non-invasive imaging for diagnostics to on-site sensing for disease bio-markers [6] [7] [8] . SERS substrates have been fabricated ranging from rough metal surfaces to fractals, nanowires and well-ordered substrates. [9] [10] [11] [12] The plasmonic nanostructures required for the SERS are commonly in the form of solid substrates (on glass or Si wafer) or as colloidal solutions. 12, 13 However, the solid substrates are rigid and brittle and hence, these static substrates severely limit the application of plasmonic nanostructures, such as to detect the biomarkers directly on human skin. The SERS substrate in colloidal solution may have very high sensitivity but lacks reproducibility. 13 Plasmonic nanostructures incorporated gel-based SERS substrates are better suitable for the applications such as direct collection of the biomarkers from secretions (for instance sweat and urine). However, there are very few reports about the diffusion of molecules through the gel and on the study of an appropriate gel for the SERS applications. Doherty et al., demonstrated methylcellulose removable gels for investigating organic dyes and pigments in paint layers.
14 Aime et al., reported the in situ growth of silver nanoparticles within gelatin gels and studied the (upto 100 nm) thermoreversible optical shifts. 15 Yao et al., 16 and Shin et al., 17 encapsulated Au nanoparticles inside the poly(vinyl alcohol) (PVA) and poly(acrylic acid) (PAA) hydrogel respectively. They reported that the gel encapsulated Au nanoparticles are stable for longer duration and reproducible. Lee et al., reported large thin, dry polymer sheets containing various SERS active Ag nanoparticles. 18 They prepared these polymer sheets by drying an aqueous mixture of Hydroxyethylcellulose (HEC) and aggregated Ag colloid in 10 × 10 cm molds. The primary purpose of their study was to protect the nanoparticle aggregates from the environment during storage and ease of handling. As per authors knowledge, no studies have been reported aimed at developing a gel-based SERS sensor for the direct collection of analyte from the body fluids and on the study of an appropriate gel for the SERS applications.
We propose a gel-based SERS substrate for the direct detection of biomarkers from the body fluids. Here we report a few preliminary results for the same. We coated Au nano-island SERS chip with a gel (1:1 complex of cetyltrimethylammonium bromide:sodium salicylate (CTAB:NaSal)). Then, we deposited 20 μL droplets of 1 mM aqueous BPYsolution onto the gel and recorded its SERS spectra as a function of time. Highly porous gel rapidly absorbed aqueous analyte solutions generating large SERS signals. The subsequent increase in signal could arise from the diffusion of the analyte molecule into the gel and onto the Au aggregates. Importantly, this gel-based SERS sensor did not significantly compromise the SERS performance of the analyte. We propose that this gel-based SERS sensor can be smeared directly onto the skin surface to absorb the body fluids from sweat, enabling the detection of biomarkers.
METHODOLOGY
Au nano-island SERS chip (Wavelet 19 ) was purchased from Nidek Co., Ltd, Japan and coated was from the top with a gel (1:1 complex of CTAB:NaSal). Then, we deposited 20 μL droplets of 1 mM aqueous BPY solution onto the gel and recorded its SERS spectra as a function of time. SERS spectra were acquired using an inverted laser Raman Spectrometer (RAM150S) from the bottom of the SERS chip. The excitation source was a laser of 785 nm, focused with a 10× objective.
RESULTS AND DISCUSSION
We studied the diffusion of the analyte through the gel. For that purpose, the Raman probe was dropped on top of the gel, and SERS spectra were recorded from the bottom. We compared the SERS signal collected from the top and bottom of the SERS chip to check for any loss in the scattering intensity. The SERS spectra of Raman probe BPY from top and bottom of the substrate is shown in Fig. 1 . There is no significant loss in the SERS intensity when collected from the bottom side of the substrate.
For the on-site diagnostic, we need to apply the gel onto the skin for collecting the biomarkers. For that purpose, the hydrogel should provide a good permeability through the gel network at the same time, the molecules comprising the gel matrix should display minimal inelastic scattering to provide unperturbed Raman spectra of the small molecules from the gel matrix. Fig. 2(a) shows the SERS spectra of gel only (black curve) and the Raman probe inside the gel. We observed no sharp and strong Raman background from the gel, and BPY SERS signal can be clearly distinguished from the gel background.
On applying the gel on the skin, the analyte (biomarkers) should be able to diffuse easily within the gel and reach the Au nanoparticles. To study the diffusion of the analyte inside the gel we dropped 20 μL of BPY on top of the gel of different thicknesses (Δt) and recorded the SERS spectra after certain time intervals from the bottom , Fig 2(b)-2(d) . 20, 21 The diffusion time was found to depend upon the gel thickness. For 0.3 mm gel thickness, the intensity maximum intensity for the 1624 cm -1 was attained in about 30 min. For 0.8 mm gel thickness, the intensity reached the maximum in about 45 min. Hence, in a short duration, a significant amount of analyte can be collected using the gel. The maximum intensity for the case of 0.3 mm has higher counts than that of 0.8 mm and 2.8 mm thicknesses because of faster diffusion. Since the diffusion rate decreases with thickness 0.3 mm gel deliver a higher amount of analyte to the Au nano-islands. The time evolution of the 1624 cm -1 peak is shown in Fig. 3 . The SERS intensity first increased rapidly over time, eventually reaching a maximum at approximately 30 min (for 0.3 mm), after which the signal started to decrease. For 0.3 mm thickness, the intensity falls rapidly (around 40%) and attains plateau at approximately 70 min, after which the signal remained stable. For 0.8 and 2.8 mm thicknesses, the decrease in intensity is not very not very large (around 10% and 5% for 0.8 and 2.8 mm respectively). In general, the intensity reaches a plateau at 70 min for all the thicknesses. 14 Therefore, the reason behind the decrease in intensity for 0.3 mm thickness of gel may be the sudden avalanche of a large amount of analyte around the Au nano-islands that interferes with the SERS signal since the thickness is small. For the other thicknesses the diffusion process is slowed down due to the decrease in concentration with time before the analyte reaches the Au nano-island, hence does not interferes with the intensity. Therefore, by applying gel of thickness around 1 mm we can get good SERS intensity.
CONCLUSIONS
The CTAB:NaSal gel caused minimal perturbation and had a small Raman cross-section hence it does not interfere with signals from the analyte. The used gel provided good permeability and diffusion of the Raman probe through the gel. The diffusion time depends upon the gel thickness. It was demonstrated that Au nano-island gel composite could be a suitable candidate for the direct collection of the biomarker from body fluids.
